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ALTHOUGH THE UNCONVENTIONAL neurotransmitter nitric oxide (NO) is generally released from neurons in response to specific stimuli (Garthwaite 2008) , in a number of systems NO is a tonic modulator of neural activity, and its modulation is revealed when the actions of NO are blocked (Bon and Garthwaite 2003; Kobayashi et al. 2000a; Mahadevan et al. 2004; McLean and Sillar 2000; Scholz et al. 2001) . To gain insight into the possible functions of background NO release in the control of the nervous system and of behavior, in this article we have examined the effects of blocking background NO release on the feeding behavior of Aplysia, and on the metacerebral (MCC), a key neuron controlling feeding.
Feeding is a complex behavior composed of food-finding, followed by a series of consummatory behaviors (Kupfermann 1974a) . The cerebral ganglion organizes food-finding, whereas the buccal ganglia control consummatory behaviors (Kupfermann 1974b) . NO is an established transmitter in the cerebral and buccal ganglia controlling molluscan feeding (Elphick et al. 1995; Fossier et al. 1999; Jacklet 1995; Jacklet and Tieman 2004; Katzoff et al. 2002; 2006; Kobayashi et al. 2000a Kobayashi et al. , 2000b Moroz 2006; Straub et al. 2007) , and in these ganglia NO is released when nitrergic neurons fire. We examined the possibility that NO is also released in the absence of stimuli eliciting feeding, and background NO release could have a role in controlling feeding behavior. In this article, we report that the blockers of NO synthesis induce feeding, indicating that NO is produced in the absence of stimuli, and tonic NO production inhibits aspects of feeding activity. In addition, treatment with an NO donor also inhibits aspects of feeding, confirming that NO is predominantly an inhibitor of feeding.
The existence of a background release of NO causing feeding inhibition raises a question of function. Why actively inhibit feeding via the constant production of NO at rest, in the absence of stimuli that elicit the behavior? What is there to actively inhibit if there are no stimuli eliciting feeding behavior? We explored the possibility that the precursor of NO, the amino acid L-arginine, could affect feeding, perhaps as a postingestion modulator. We found that L-arginine inhibits feeding. Physiologically relevant concentrations of L-arginine do not alone inhibit feeding, but they can amplify the inhibitory effects of an additional stimulus that inhibits feeding, or block the effects of modulatory stimuli enhancing feeding. This finding suggests that L-arginine may act as an inhibitory factor regulating feeding via its effects on the background nitrergic inhibition, which amplifies or blocks the effects of other stimuli modulating feeding.
MATERIALS AND METHODS

Animals
All but two experiments were performed on Aplysia californica purchased from Marinus Scientific (Garden Grove, CA), Santa Barbara Marine Bio (Santa Barbara, CA), or the National Institutes of Health (NIH)/University of Miami National Resource for Aplysia. Two experiments (those shown in Figs. 4 and 6C) were performed on A. fasciata gathered from the Mediterranean coasts of Israel. A. fasciata are available in the summer months, when A. californica are often unhealthy and dying. Feeding behaviors in A. californica and in A. fasciata are essentially the same (Susswein and Markovich 1983) , except for a strong modulation of feeding in A. fasciata by pheromones secreted by conspecifics Ziv et al. 1991) . One experiment tested the effects of NO on modulation of feeding by pheromones. Animals were maintained on a 12-h:12-h light-dark cycle in 900-l tanks of aerated, filtered Mediterranean seawater at 18°C. They were fed every 3 to 4 days with Ulva lactuca gathered fresh and then kept frozen until needed.
Arginine concentrations before and after feeding. Animals were food deprived for 1 wk. Control animals were not subsequently fed. To determine L-arginine concentrations after satiation, animals were handfed to satiation, allowed 2 h to recover, hand-fed again to satiation, again allowed 2 h to recover, and then hand-fed to satiation for a third time. The animals were left overnight, and then hand-fed again to satiation the next day, when their hemolymph was sampled. Animals were fed with a mixture of Ulva and dried Nori used to make sushi. After it was removed, the hemolymph was centrifuged for 3 min at 2,000 g; 4 ml of the fluid were then removed and lyophilized overnight. Samples were analyzed with a Biochrom (UK) amino acid analyzer at the Institute for Chemical Pathology at the Chaim Sheba Medical Center-Tel Hashomer (http:// www.sheba.co.il/Laboratory_Division/Chemical_Pathology).
Pharmacology
Concentrations used were as follows: for the NO synthase (NOS) inhibitor N -nitro-L-arginine methyl ester (L-NAME), 0.37 mM; for a second competitive NOS inhibitor L-N G -nitroarginine (L-NNA), 1 mM; for the enantiomer of L-NAME, N -nitro-D-arginine methyl ester (D-NAME), 0.37 mM; for the NO donor S-nitroso-N-acetyl-penicillamine (SNAP), 45 M; and for the inactive control substance, Nacetylpenicillamine (NAP), which lacks the NO-donating S-nitroso moiety group of SNAP, 45 M. The substances were added to solutions of artificial seawater (ASW) in which composition was (in mM): 460 NaCl; 10 KCl; 11 CaCl 2 ; 55 MgCl 2 ; and 5 NaHCO 3 . The concentrations used for L-NAME, D-NAME, L-NNA, and SNAP were chosen because previous studies (Hurwitz et al. 2008; Katzoff et al. 2006; Lewin and Walters 1999; Miller et al. 2008; Moroz et al. 1996) showed the efficacy of these concentrations in Aplysia. Chemicals were purchased from Sigma (Israel). Drugs were prepared in concentrations ϫ100 larger than those needed and were diluted when injected into animals, which ranged from 75 to 150 g, yielding final concentrations comparable with those used in preparations of isolated ganglia. Injections were into the foot, to avoid hitting internal organs. Aplysia ganglia are embedded within a sheath, and the space below the sheath is functionally part of the circulatory system (Chase 2002; Coggeshall 1967) , assuring that substances injected into the hemolymph quickly circulate to the ganglia. Thus the nervous system is likely to see concentrations that are 100 times more dilute than those injected.
Behavioral Experiments
Effect of L-NAME and L-NNA on food arousal. Animals were injected with 1 cc of a drug (L-NAME, D-NAME, L-NNA, or ASW) and placed in a 5 L chamber of aerated seawater. Animals were observed for 30 min, beginning 10 min after the drug treatment. During the observation, the total number of bites performed was counted. In addition, all onsets and offsets of head-waving behavior (see Kupfermann 1974a and 1974b for descriptions of biting and head-waving) were noted, and the total time spent head-waving was calculated. Because neuron C-PR is specifically responsible for the head-lifting component of head-waving (Nagahama et al. 1993) , this behavior was quantified.
Effects of SNAP and L-arginine on biting. Animals were injected with 1 cc of a drug (SNAP, NAP, L-arginine, or ASW), and placed in a 5-l chamber of aerated seawater. The seaweed Ulva was placed in the chamber 20 min later, behind a mesh barrier preventing animals from touching the food. The number of bites in the 10 min following entry of the seaweed was counted.
Blinds. Experiments on the effects of pharmacological agents on biting and head-waving used a blind procedure. Experimenters measuring behavior were unaware of the treatments that preceded the measurements.
Ad libitum feeding after L-arginine treatment. In one experiment, animals were food deprived for 3 days. They were transferred 12 h before the start of the experiment to a 5-l observation aquarium in which the experiment was conducted. The experiment began by providing the animals ad libitum access to food (the seaweed Ulva) for 4 h, leading to entry into the steady-state . The time spent feeding was measured as in previous experiments : animals were sampled every 5 min, and feeding was noted. In a second experiment, food was removed after a 4-h food access and was restored again after 24 h, when feeding was observed for 4 h. In these two experiments, in addition to measuring the time spent feeding, the quantity of the food eaten was also measured. Food was weighed before and after the 4-h experiment, as previously described , and the difference in the weight was used as a measure of the quantity eaten. Experimental and control animals were matched for weight.
Experiments measuring the effect of food odor or of mating animals were performed in 10-l experimental aquaria, which contained a mesh partition dividing the aquaria into two compartments. In experiments on food odor, food was removed from the compartment containing animals after a 4-h access that initiated the steady-state. Food was then placed in the other compartment for 24, 48, or 72 h, before again placing food in the compartment containing the animal and testing feeding. Seawater was changed once daily. At the time of the feeding test, fresh food was placed in the compartment containing the animals. In the experiment testing the effect of mates, a single animal that had had continuous access to food was transferred to an aquarium containing a pair of mating animals on the other side of the partition. The time devoted to feeding was measured as described above.
Chronic MCC Extracellular Recording
Animals were placed in cooled seawater (4°C) and then anesthetized with 10% of the body weight isotonic MgCl 2 . The body wall was opened close to the buccal ganglia, and one cerebral-buccal connective was cut close to the buccal ganglia. The cut end of the connective was sucked into a sleeve of polyethylene tubing (8025; A-M Systems, Carlsborg, WA), which was then cut just above the end of the nerve. A length of Pt-Ir wire (Medwire 10IR 9/497) with a bare ending was threaded into the cut end of the tubing and placed in contact with the nerve. The cut end of the tubing was then sealed with cyanoacrylate glue (Instant Krazy glue gel). After the incision was closed, the electrode wire was attached to the body wall with the glue. The recordings were made from freely behaving animals 24 h after the electrode was implanted.
Recordings were made 10 min after the animals were injected with either L-NAME or ASW (see above for concentrations) for 240 s, divided into three separate 80-s recordings, with 5 min between recordings.
Cell Culture
Cerebral ganglia were dissected and then bathed in protease (Sigma, Israel) for 2 h. Ganglia were desheathed, and the MCC was identified and then removed from the ganglion and cultured for 3 to 4 days at 18°C in hemolymph and L15 (Sigma) with salts added to adjust the salinity to that of seawater, as described previously (Rayport and Schacher 1986; Schacher et al. 1999) . Recordings were in 50% ASW-50% L-15.
RESULTS
A previous study showed that treating hungry animals with the NO blocker L-NAME has no effect of a number of parameters of feeding elicited by food. Parameters tested were: 1) the time spent feeding in response to 1 h of food access, 2) the latency to respond to food touched to the lips, 3) the number of bites elicited by food touching the lips, and 4) swallow frequency and amplitude in response to strips of food in the mouth (Katzoff et al. 2002) . These findings indicated that L-NAME is not toxic and has minimal or no effect on many aspects of Aplysia feeding. However, the previous experiments did not examine the possible effects of L-NAME on feeding behavior when food is not present. Feeding could be modulated by NO even in the absence of food, since Aplysia occasionally perform feeding behaviors even in the absence of food (Kupfermann 1974a) , and such spontaneous feeding acts can be modified via operant conditioning (Brembs et al. 2002) .
Blocking Background NO Production Initiates Feeding
We tested the possible role of background NO release on feeding behavior in intact Aplysia by injecting hungry animals that are not exposed to food stimuli with either of two nitric oxide synthase (NOS) blocker, L-NAME or L-NNA (Moroz et al. 1996) . These blockers act by competing for NOS with L-arginine, the substrate from which NO is synthesized. Control animals were treated with ASW or with D-NAME, the inactive enantiomer of L-NAME that does not inhibit NOS. Two aspects of feeding behavior were measured: head-waving and biting. Head-waving is a characteristic behavior by which animals search for food (Kupfermann et al. 1991) . Headwaving was quantified by noting the time spent head-lifting, the component of head-waving that is specifically controlled by neuron C-PR (Nagahama et al. 1993) , which is depolarized by blocking NO actions (Saada et al. 2009 ). Biting is a consummatory behavior that is usually initiated by touching the lips with food, but which sometime occurs in the absence of food (Kupfermann 1974a) . Treatment with L-NAME or L-NNA led to increases in head-waving ( Fig. 1A1 ) and biting ( Fig. 1A2 ). Since no food was present to elicit food-finding or biting, these findings suggest that NO inhibits both appetitive and consummatory feeding behaviors in the absence of food. Treatment with L-NAME or L-NNA blocked this inhibition and thereby induced head-waving and biting.
The finding that NO blockers affect feeding in animals not exposed to food was somewhat surprising, in the light of the previous finding that an NO blocker did not affect feeding elicited by food. Our new findings ( Fig. 1) , coupled with the previous data, show that blocking background NO affects feeding in the absence of food, but not feeding in response to food. In the presence of food stimuli, the background inhibitory NO release is either not present, or, more likely, its effects are negligible because strong excitation of feeding by food stimuli overwhelms a weak background inhibition.
Background NO Release Inhibits MCC Activity
The increased feeding behavior elicited by blockers of NOS should be correlated with increases in the firing of neurons in which activity is correlated with increased interest in food and feeding. Because NOS blockers affect feeding only in the absence of food, one might predict that NOS blockers will affect neural activity correlated with feeding only in the absence of food. The giant MCC neuron effects aspects of food arousal (Kupfermann et al. 1991) , and MCC firing in a behaving animal is a monitor of arousal (Kupfermann and Weiss 1982) . Food stimuli touching the lips, as well as active attempts to swallow, cause MCC firing. If NO release at rest inhibits food arousal, does it affect MCC firing in the absence of stimuli eliciting feeding? To test this possibility, we recorded from the MCC in freely behaving animals. Because the MCC axon is the largest in the cerebro-buccal connectives (CBCs), a suction electrode implanted on a CBC easily records MCC activity in behaving animals (Kupfermann and Weiss 1982) . Chronic recordings from the MCC in intact animals not exposed to food showed that the NO inhibitor L-NAME caused a large and significant increase in the background activity of the MCC ( Fig. 2A ). These data indicate that the MCC is inhibited by NO release at rest, and blocking the background NO release arouses animals in part by causing firing of the MCC.
Background NO Release Does Not Inhibit MCC Activity in Response to Food
Does L-NAME also increase the MCC firing elicited by food? We examined whether L-NAME affected MCC activity in response to touching food to the lips (Fig. 2B1) , as well as when food entered the mouth and elicited swallowing responses (Fig.  2B2 ). MCC fired in response to both food on the lips and within the mouth, but L-NAME did not cause significant increases in MCC firing in response to lip stimulation or in response to food within the mouth. These findings are consistent with the effects of L-NAME on behavior, in which feeding was enhanced only in the absence of food, and in which L-arginine effects were not evident in hungry animals stimulated with food (see below). Presumably, the effect of food on the MCC and on other neurons driving feeding is much more powerful than is that of L-NAME, and the strong input from food overrides and covers the weaker effects caused by L-NAME.
NO Does Not Directly Inhibit MCC
L-NAME excites the MCC and initiates head-waving and biting. Does L-NAME act directly on the MCC, or does it excite the neuron by exciting neurons that excite MCC? Previous studies showed that the MCC is directly excited by NO release from presynaptic neuron C2 (Jacklet 1995) and that MCC neurons cultured in isolation are depolarized by an NO donor (Jacklet and Tieman 2004) . It is unlikely that both NO donors and NO blockers directly excite the MCC. Nonetheless, Fig. 1 . Block of nitric oxide (NO) induces food arousal. A: percent head-lifting (head-lifting is the component of head-waving that is directly commanded by neuron C-PR). Head-waving is an appetitive behavior used to locate food. B: rate of biting. In 1 experiment, the effects of L-NAME (N ϭ 8) were compared with the effects of artificial seawater (ASW; N ϭ 8) or N -nitro-Darginine methyl ester (D-NAME; N ϭ 8). With 1-way ANOVA, for headwaving, p ϭ 0.02, F(2,21) ϭ 5.17; and for biting, p Ͻ 0.001, F(2,21) ϭ 110.75. For both parameters, Student-Neuman-Keuls post hoc tests showed significant increases after L-NAME treatment (␣ ϭ 0.05), with respect to values in ASW or D-NAME, with no significant differences between ASW and D-NAME treatments. In a second experiment, the effect of L-N G -nitroarginine (L-NNA; N ϭ 4) was compared with the effect of ASW (N ϭ 5). L-NNA caused significant increases in both parameters [for time spent head-waving: p Ͻ 0.001, t(7) ϭ 8.30; for number of bites: p ϭ 0.007, t(7) ϭ 3.71; 2-tailed t-tests]. The experiments using L-NAME and L-NNA were performed separately, using different populations of animals treated with ASW. In the figure, data for ASW treatment from both experiments are combined. Means and SEs are shown.
we examined this possibility by examining the effect of an NO donor and of a NOS blocker on MCC neurons cultured in isolation. We confirmed the previous finding (Jacklet and Tieman 2004 ) that the NO donor SNAP depolarized the MCC in culture, indicating that the MCC is directly excited by NO (Fig. 2C1) . We also examined the effect of L-NAME on isolated MCC neurons. Application of L-NAME to the MCC had no effect (see Fig. 2C2 ). These findings show that the disinhibition of the MCC by inhibiting background NO release is not a direct effect but is rather mediated via effects on neurons that are presynaptic to the MCC. Thus the MCC is directly excited by NO release and indirectly excited by blocking NO release.
L-Arginine Concentrations are Increased After Feeding
The data above show that blockers of NOS induce feeding in the absence of food, suggesting that regulation of NOS could affect feeding behavior. The precursor from which NOS synthesizes NO is the amino acid L-arginine, raising the possibility that L-arginine could act as a postingestion metabolic signal regulating feeding via effects on NOS. Before examining the possibility that L-arginine affects feeding, it was important to determine whether hemolymph concentrations of L-arginine are changed when Aplysia ingest food. L-Arginine concentrations were measured in hungry animals and after feeding animals to satiation. As in previous studies (Floyd et al. 1998; Krontiris-Litowitz et al. 1994) , hemolymph L-arginine concentrations were found to be in the micromolar range. Feeding to satiation caused a significant increase in the hemolymph L-arginine concentration, from a mean of 7.75 M to 14.75 M (Fig. 3) . Thus a meal causes an increase in L-arginine, and this change could regulate NO synthesis, increasing the background nitrergic inhibition of feeding, and thereby acting as a postingestion signal.
NO Donor and L-Arginine Inhibits Biting
The data above indicate that food initiates feeding behavior against a background of weak continuous nitrergic inhibition. If this is so, an increase in the concentration of NO could amplify the background inhibition and inhibit feeding in response to food. We tested this possibility by treating animals with either an NO donor or with a physiologically relevant increase in L-arginine concentration. Rather than examine feeding in response to food touching the lips, which elicits vigorous feeding responses that are likely to overcome even an enhanced background inhibitory signal, we tested the effect of the NO donor and of L-arginine in response to a much weaker excitatory stimulus. The test consisted of placing food (the seaweed Ulva) into the water, without allowing the food to touch the animals, and counting the number of bites elicited in a 10-min exposure to the food odor. Before exposure to the food odor, animals were injected with either L-arginine (producing a 10-M increase), or with ASW, or with the NO donor SNAP. An additional control group was treated with NAP, which lacks A: in behaving animals L-NAME caused a significant increase in background firing of the metacerebral (MCC), a neuron whose activity is correlated with food arousal. A1: examples of recordings in an intact, behaving animal with a suction electrode on the cerebro-buccal connective (CBC) when the animal was treated with ASW or with L-NAME, but not with food. The MCC is the largest axon in the connective, and all large spikes observed in the recording are MCC spikes. A2: averaged data from 4 preparations showed a significant increase in MCC firing after treatment with L-NAME [p ϭ 0.01, t(3) ϭ 5.99; 2-tailed paired t-test]. B: averaged MCC firing in 4 preparations in response to food on the lips eliciting biting (1) and in response to food that entered the mouth and elicited swallowing (2). L-NAME did not cause significant changes in MCC firing in response to lip stimulation [p ϭ 0.11, t(8) ϭ 2.03] or in response to food within the mouth [p ϭ 0.90, t(4) ϭ 0.14; 2-tailed t-tests]. Means and SEs are shown. C: effects of NO on MCC grown in isolation in culture. C1: as previously reported (Jacklet and Tieman 2004) , treatment with the NO donor S-nitroso-N-acetylpenicillamine (SNAP) caused depolarization in 5 of 5 preparations. Mean depolarization was 15.5 Ϯ 44 (SE) mV. C2: treatment of an isolated MCC neuron in culture with L-NAME had no effect in 7 of 7 preparations.
the NO donating S-nitroso group. Both L-arginine and SNAP produced significant reductions of feeding, compared with animals treated with ASW and NAP (Fig. 4) . There was no significant difference in the inhibitory effects of L-arginine and the NO donor. This experiment shows that increased NO inhibits aspects of feeding. This experiment also supports the contention that the excitatory effects of NOS inhibitors on feeding are via effects on NO, and not via possible nonspecific mechanism, because enhancing NO had an opposite effect. The possible alternative explanation is that NOS inhibitors enhance feeding, and NO donors inhibit feeding, via independent mechanism, both of which are pharmacological artifacts. This possibility is highly unlikely. In addition, the similar effects produced by the NO donor and L-arginine support the hypothesis that that L-arginine inhibits feeding via an increase in NO, rather than via an independent, parallel mechanism.
Inhibitory Effect of L-Arginine in Hungry Animals
Our data indicate that food readily overcomes the steadystate inhibition of feeding by NO. Blocking NO has little or no influence on the neural response to food on the lips or within the mouth (Fig. 2B ) or on behaviors elicited by these stimuli (Katzoff et al. 2002) . NO has an effect on biting in response to food odor (Fig. 4) , presumably because this is a weak stimulus, providing only weak excitation of feeding. However, if L-arginine via NO acts as a natural regulator of feeding, it will have to do so in the presence of stronger excitatory stimuli, such as food on the lips or within the mouth. Can an increase in hemolymph L-arginine concentration inhibit feeding in freely behaving animals? We tested this possibility.
Initial experiments examined the effects of L-arginine on hungry animals provided with ad libitum access to food. In this condition, animals eat a large meal over the first 2 h of access to food. The meal is then followed by a steady-state inhibition of feeding that is maintained for as long as food is present . During the steady-state inhibition, animals irregularly eat small meals, which in toto fill 1-4% of the total time budget. The steady-state presence of food is a signal that food is abundant, and animals need not eat more than the relatively modest quantities apparently required to sustain metabolic needs. By contrast, when food is intermittently present animals eat large meals (Kupfermann 1974a; Susswein and Kupfermann 1975 ) that presumably build reserves for when food is absent.
Preliminary experiments tested different concentrations of L-arginine in hungry animals that were provided with ad libitum access to food for 4 h. Both the percent time spent feeding per hour and the quantity of food eaten during the 4 h were measured. No inhibition of feeding by arginine was seen until animals were treated with a concentration of 2.5 mM L-arginine, a hemolymph concentration more than two orders of magnitude larger than that occurring naturally after a meal. However, this concentration is comparable with intracellular L-arginine concentration (Floyd et al. 1998) . Even with this concentration, there was no significant difference in the percent time spent feeding (Fig. 5A1) . However, the weight of food eaten by animals treated with L-arginine was significantly less than that eaten by animals treated with ASW (Fig. 5A2 ). This experiment indicates that high doses of L-arginine can inhibit some aspects of feeding.
The continued presence of ad libitum food maintains the steady-state inhibition of feeding ). Removal of the food causes a slow decay of the steady-state . High concentrations of L-arginine can alone affect ad libitum feeding in hungry animals. A: animals were allowed ad libitum access to food for 4 h after a 3-day deprivation. Data are shown for 2 parameters of feeding after animals were injected with either 2.5 mM L-arginine, or with ASW, 10 min before given access to food (N ϭ 9 animals treated with L-arginine; N ϭ 8 animals treated with ASW). A1: there were no significant differences in percent time feeding in any of the 4 h (p varies from 0.12 to 0.92; 2-tailed t-tests performed separately for each hour). A2: however, L-arginine caused a significant reduction in the quantity of food eaten [p ϭ 0.02, t(15) ϭ 2.70; 2-tailed t-test]. B: in a second experiment, animals had ad libitum access to food, and then the food was removed. Five hours later, they were treated with either L-arginine or ASW. Feeding was then tested in a 4-h exposure to food 24 h after food was removed. B1: treatment with L-arginine (N ϭ 9) caused a significant decrease over ASW treatment in the percent time spent feeding during the first [p ϭ 0.002, t (16) inhibition, so that reintroduction of food at intervals of 1.5-12 h after its removal causes a progressively larger meal. By 24 h after removal of the food, reintroduction of food initiates a meal as large as that in animals that had been deprived for as long as 8 days .
A second experiment examined whether 2.5 mM L-arginine affects the decay of steady-state inhibition. Animals were allowed ad libitum access to food for 3 days. The food was removed for 24 h. Five hours after food was removed, animals were treated with either 2.5 mM L-arginine or with ASW. Animals were again allowed ad libitum access to food 24 h after the removal of the food, and feeding was measured in the subsequent 4 h. As in previous experiments , 24 h without food caused a decay of the steady-state inhibition in ASW-treated controls. By contrast, treatment with L-arginine caused a significant decrease in feeding, as shown by significant decreases in the percent time feeding (Fig. 5B1) , as well as by a significant decrease in the quantity of food eaten (Fig. 5B2) . This experiment indicates that L-arginine can modulate the decay of steady-state food inhibition after the food is removed.
The large effects of L-arginine on the decay of the steady-state inhibition, coupled with the small effect on the initial meal in hungry animals, suggested that L-arginine has little effect alone on feeding but can interact with other stimuli that modulate feeding, such as food in the gut or other metabolites that may still be present after a meal. When other stimuli inhibiting feeding are present, perhaps lower concentrations of L-arginine would be effective in inhibiting feeding, by augmenting the effects of the other stimuli. We tested this possibility.
L-Arginine Amplifies Inhibitory Effects of Food Odor
One stimulus known to inhibit the decay of the steady-state inhibition is food odor. After animals are in the steady state, and food is then removed from contact with the animal, the presence of food behind a mesh partition preserves the steady-state inhibition for 24 h . In this condition animals can smell the food but cannot touch it. After 24 h of smelling food, animals eat very little when again allowed to feed. We reasoned that a physiological increase in L-arginine could amplify the inhibitory effect of food odor in maintaining the steady state.
Food odor alone is sufficient to maintain the steady-state inhibition for 24 h, and an additional stimulus such as L-arginine is not needed to maintain the steady-state inhibition. However, perhaps a longer exposure to food odor alone is not sufficient to maintain the steady-state inhibition, but the addition of L-arginine makes the food odor an effective inhibitor of feeding. We examined how long the inhibitory effect of food odor alone is maintained, so as to test the effect of food odor plus L-arginine at a time that food odor alone is no longer sufficient to maintain the steady-state inhibition.
Hungry animals were presented with food, which they were permitted to eat for 4 h, producing an entry into the steady state. Food was then removed for 24, 48, or 72 h. During the time that animals were unable to eat, food was present in the aquarium along with animals, behind a mesh partition. This allowed animals to smell the food, but not to touch it. Food was then restored to animals, and the percent time spent feeding was measured during the first hour of access to food. Feeding 24, 48, and 72 h after exposure to food odor was compared with feeding in hungry animals, as well as in animals that had been continuously exposed to food for the previous 3 days (Fig. 6A) . There was no significant difference in the percent time feeding between animals exposed to food odor 24 or 48 h and animals that had had continuous access to food, indicating that food odor alone maintains the steady state for at least 48 h. There was a significant difference between feeding in these Fig. 6 . Physiological concentrations of L-arginine inhibit feeding. A: percent time spent feeding in hungry animals during the first hour of access to food (N ϭ 17), and in animals that have had constant access to food for 3 days, and therefore display steady-state food inhibition (N ϭ 10). These values were compared with feeding during the first hour of food access in animals that had been in the steady state but that subsequently were exposed to food odor for 24 (N ϭ 6), 48 (N ϭ 6), or 72 (N ϭ 5) h before being again offered food to eat. There were significant differences between the 5 groups shown [p Ͻ 0.001, F(4,39) ϭ 17.83]. A post hoc test (Student-Newman-Keuls) showed that at ␣ ϭ 0.05; there was no significant difference between hungry animals and animals exposed to food odor for 72 h, but these 2 groups were significantly different from the other 3 groups, which were not significantly different from one another. Thus 24 and 48 h of food odor preserve the steady-state food inhibition, but 72 h of food odor alone does not preserve the steady-state inhibition. B: effects of treatment with ASW (N ϭ 14) or 10 M L-arginine (N ϭ 15) on feeding in A. californica during 1 h of food access, after 3 days of steady-state feeding, followed by removal of food contacting the animal. Food was still present in the aquarium, behind a mesh partition, for 72 h. Animals smelled the food, but were unable to contact it. In these conditions, 10 M arginine significantly reduced the percent time feeding [p ϭ 0.02, t(27) ϭ 2.49]. C: effect of ASW (N ϭ 11) and of 10 M L-arginine (N ϭ 11) on feeding in A. fasciata during 1 h of food access. The animals were allowed steady-state access to food for 72 h before the treatment. Just before the experiment, they were transferred to a new aquarium, which contained a pair of mating animals behind a partition. Mating animals release pheromones enhancing feeding. The mating animals were separated from the experimental animal via a mesh partition. There was a significant difference between the 2 groups of animals [p ϭ 0.02, t(20) ϭ 2.46]. Means and SEs are shown. three groups and feeding in hungry animals or in animals exposed to food odor for 72 h, with no significant difference between hungry animals and animals exposed to food odor for 72 h, indicating that food odor alone is not able to maintain the steady-state inhibition for 72 h.
Could a 72-h exposure to food odor plus an increase in L-arginine, which is comparable with that after a meal (10 M), together inhibit feeding? We tested this possibility (Fig.  6B ) by injecting animals with L-arginine or with ASW 60 min before the food was restored. There was a significant decrease in the percent time spent feeding in animals treated with 10 M L-arginine. This experiment confirms that even a 10-M increase in L-arginine can act along with another inhibitory stimulus, food odor, and thereby decrease feeding. The experiment also shows that food odor and L-arginine do not completely restore the steady-state inhibition, indicating that additional stimuli participate in maintaining the steady state. Thus physiological levels of L-arginine are able to contribute to regulation of feeding, but operate along with other stimuli, some of which (e.g., food odor) have been identified.
L-Arginine Blocks the Excitatory Effect of Pheromones
In addition to being affected by food and by postingestion stimuli, Aplysia feeding is also affected by nonfood stimuli. In A. fasciata the presence of pheromones secreted by mating conspecifics enhances feeding . There are no data on the effects of pheromones on A. californica feeding, and therefore this experiment was performed on A. fasciata. Will an increase in L-arginine affect feeding in response to the introduction of pheromones? We tested this possibility by providing isolated A. fasciata with steady-state access to food. Animals were then injected with either 10 M L-arginine or ASW and then transferred to an aquarium that contained a pair of mating animals secreting pheromones that enhance feeding. The time spent feeding was measured over the following hour. Treatment with 10 M L-arginine caused a significant reduction in the time spent feeding, with respect to that in animals treated with ASW (Fig. 6C ). This experiment indicates that physiological concentrations of L-arginine can modulate feeding in response to nonfood stimuli.
DISCUSSION
We have found that Aplysia feeding is inhibited by an increase in hemolymph L-arginine (Figs. 4 and 6 ). Because L-arginine concentrations increase after feeding, L-arginine could act as a postingestion signal modulating feeding. Increased L-arginine is unlikely to act alone as a satiation signal inhibiting feeding. At physiologically relevant concentrations, L-arginine produced strong effects on feeding only when applied in tandem with other natural stimuli that modulate feeding, such as the presence of food odor. In hungry animals, food odor induces food-finding and weak biting, and physiological concentrations of L-arginine inhibited the biting (Fig. 4) . In animal with steady-state food access, food odor inhibits feeding (Fig. 6A) , and L-arginine amplified this inhibition (Fig. 6B) . L-arginine is also likely to act along with additional inhibitory and excitatory stimuli in modulating feeding. One such stimulus has been identified. L-arginine at physiological concentrations can block the excitatory effect of pheromones that enhance feeding (Fig. 6C) .
Many Stimuli Interact to Control Feeding
It was previously thought that Aplysia feeding is controlling by only a few stimuli. Food elicits an arousal state and also elicits feeding behavior (Kupfermann 1974) . Receptors responding to food may undergo sensory adaptation (Horn et al. 2001) , thereby reducing responsiveness. Food in the gut elicits excitation of feeding via activation of gut chemoafferents (Susswein et al. 1984) , followed by a larger inhibition caused by the activation of mechanoafferents (Susswein and Kupfermann 1975) . Feeding was thought to be controlled by the interaction between excitatory and inhibitory stimuli (Susswein et al. 1976 ). Control of feeding by food and gut fill leaves little room for additional stimuli, such as L-arginine, to modulate the behavior. However, more recent work has shown that Aplysia feeding is under fairly complex control. As in other animals (Douglas et al. 2005) , Aplysia are sensitive to whether food is constantly or patchily available. When food is patchily present animals eat large meals that are likely to be governed primarily by passive gut fill and by sensitivity to food. However, when food is constantly available animals are in a steady state in which they eat little, even when the gut is relatively empty . When food has recently been removed, animals can also be in an intermediate state, in which animals have partially left the steady state . Feeding may then be regulated by a combination of stimuli that govern the steady state, plus gut fill and sensitivity to food. In addition, the presence of pheromones secreted by potential mates is a strong modulator of feeding . In conditions in which feeding is regulated by a complex mixture of stimuli, hemolymph L-arginine could be an important factor regulating feeding.
L-Arginine can act as a modulator of the steady state. After entry into the steady state, food odor is a major variable maintaining the steady state and Fig. 6A ). However, food odor cannot preserve the steady state indefinitely (Fig. 6A ). L-Arginine at concentrations present after a meal can contribute to the maintenance of the steady state (Fig.  6B) . Additional variables must also play a role in preserving the steady state, since the combination of food odor and L-arginine is not sufficient to preserve the steady state (Fig.  6B) . Elsewhere, we have presented data that glucose is another stimulus contributing to the maintenance of the steady state (Hurwitz et al. 2008) .
L-arginine could also have a role in regulating feeding in animals that are intermittently fed to satiation. Although many aspects of satiation can be mimicked by filling the anterior gut with a non-nutritive gel (Susswein and Kupfermann 1975) , to achieve a complete cessation of feeding the quantity of nonnutritive bulk required is somewhat larger than the quantity of bulk provided by food at the end of a meal (Kuslansky et al. 1987 ). L-arginine may contribute to inhibition of feeding in this condition.
Many stimuli also interact to regulate mammalian feeding (Broberger 2005) . It was traditionally argued that the relative simplicity of feeding control in Aplysia allowed one to use it as model systems for understanding the cellular mechanisms controlling motivation (Kupfermann 1974a) . However, the finding that L-arginine interacts with other variables to subtly modulate Aplysia feeding indicates that feeding control sys-tems in Aplysia may not be much less complicated than in higher animals. Why then continue using Aplysia and similar animals as model systems? Access to identified neurons that participate in functional circuits is still a major strength of invertebrate preparations. The ability to easily infer and test hypotheses about behavioral functions that arise from findings on the cellular level is a powerful analytical tool. Experiments on the behavioral level described in this article and data on cellular properties to be described elsewhere (Saada et al. 2009 ) were performed nearly simultaneously, with finding on the cellular level directly suggesting experiments on whole animals and vice versa.
L-Arginine is Likely to Act by Regulating Background NO
An NO donor and L-arginine produce a similar inhibitory effect on feeding (Fig. 4) , suggesting that L-arginine inhibits feeding because it is a precursor of NO. However, we cannot eliminate the possibility that the effects of L-arginine and NO are independent of one another. Attempts to block the inhibitory effect of L-arginine by blockers of NO would not convincingly demonstrate that L-arginine inhibition is via NO, since blocking NO itself initiates feeding (Fig. 1) .
Although we cannot eliminate the possibility that the inhibitory effects of L-arginine are not via modulation of NO, a number of observations support this possibility. First, in other preparations NOS activity in a number of tissues is sensitive to circulating L-arginine levels (Wu and Meininger 2002) , although such sensitivity has not been reported in the nervous system. Second, an NO donor and L-arginine have similar inhibitory effects on feeding behavior (Fig. 4) . Third, blockers of NOS induce feeding (Fig. 1 ) and cause MCC firing (Fig. 2) in intact animals, effects that are opposite to those of L-arginine. Finally, the inhibitory effects of L-arginine on feeding are relatively weak. This is consistent with the presence of a tonic stimulus affecting key sites controlling behavior, with weak modulation of the stimulus by a dietary factor such as L-arginine.
Opposite Effects of NO on the MCC
In hungry animals, food initiates food arousal, overcoming the background inhibition caused by NO release. Some of the stimulus pathways leading to increased food arousal also utilize NO as a transmitter. Neuron C2 ) fires in response to food and to active feeding movements, particularly when Aplysia are exerting effort to swallow a tough food (Chiel et al. 1986 ). C2 excites the MCC by releasing NO and histamine (Jacklet 1995; Weiss et al. 1986; McCaman and Weinreich 1985) , thereby enhancing food arousal (Chiel et al. 1986 ). We have confirmed that the MCC is directly excited by NO, while also showing that the MCC is indirectly inhibited by NO. Thus, background NO release, and NO release elicited by food and active feeding, have opposite effects (Fig. 2) .
The opposite effects of background and elicited NO release on the MCC may simply reflect different sites of action of NO. Distances between release sites of NO may be sufficient so that the opposite effects of NO do not interfere with one another. However, an alternate explanation is that the primary function of NO as a mediator of a metabolic signal inhibiting feeding has been exapted, and NO is secondarily used in other contexts to signal stimuli inhibiting feeding, such as efforts to swallow a tough food (Katzoff et al. 2006 (Katzoff et al. , 2010 . Attempts to swallow tough foods elicit NO release, whose major effect may be to bias feeding toward rejection in place of ingestion (Katzoff et al. 2002 (Katzoff et al. , 2006 (Katzoff et al. , 2010 and eventually cause a cessation of feeding. NO release elicited by attempts to swallow tough foods may act at the same sites at which background NO modulates feeding but produces a stronger effect. NO release from C2 may be a component of an adaptive response to tough foods. Initially, tough foods elicit increased arousal and increased attempts to swallow. Excitation of the MCC reflects this phase of the response to tough food. When the responses fail to bring food into the gut, tough foods then cause rejection and inhibition of feeding via NO release at sites causing inhibition of feeding.
Control of Feeding by Transmitter Precursors
The idea that amino acid neurotransmitter precursors affect behavior is not new. It was suggested that changes in circulating tryptophan levels, which affect serotonin release, affect food consumption in mammals (Wurtman 1988) . Diet-induced changes in serotonin have been found in the sea slug Pleurobranchaea (Hatcher at al. 2008 ). Inhibition of feeding by L-arginine may be another example of this phenomenon.
An effective mechanism for regulating feeding that evolved in one animal may also evolve in others, suggesting that L-arginine could act as a postingestion signal regulating mammalian feeding. However, a number of studies indicate that NO is released by a variety of orexogenic agents (e.g., ghrelin and PYY) (Pazos et al. 2008) , and inhibiting NOS in rats increases 5-HT metabolism and reduces food intake (Squadrito et al. 1994) , indicating that NO is a facilitator of feeding. Nonetheless, it is possible that the inhibitory effects of NO are not readily observed when animals are stimulated with food, as is the case in Aplysia. A number of studies have shown different effects of NOS inhibitors in lean and obese rats (Nakaya et al. 2002; Sadler and Wilding 2004; Squadrito et al. 1994; StrickerKrongrad et al. 1996) or during diurnal versus nocturnal feeding (Kamerman et al. 2002) , suggesting that NO effects may be state dependent. Background inhibitory nitrergic effects on feeding may be detectable in mammals in specific contexts in which increased NO amplifies the effects of other inhibitory signals.
